INTRODUCTION {#sec1-1}
============

Spinal disorders can include age-related degeneration, neoplasms, inflammation, vascular problems or trauma. Although spinal cord imaging using computed tomography (CT) and magnetic resonance imaging (MRI) are commonly used methods for structural diagnosis, subjective neurological scoring or grading systems are still widely used for evaluation of the condition of the spinal cord.\[[@ref1]\] Although motor function can be assessed objectively to some degree by scaling muscle strength, objective assessments of the sensory or autonomous nervous systems can be easily affected by mood or psychological conditions. A more robust objective assessment of the condition of the spinal cord is desirable and needs to be developed.

Diffusion tensor (DT) imaging offers not only fiber tracking obtained by serially connecting the maximum diffusion direction in each voxel, but also quantitative diffusion parameters that characterize intrinsic features of the tissue microstructure and microdynamics at each voxel level. Mean diffusivity (MD) and fractional anisotropy (FA) are commonly used quantitative DT parameters. MD represents the degree of diffusional motion of water molecules (regardless of direction) and is measured in units of mm^2^/s. FA represents a rotationally invariant parameter ranging from 0 to 1; 0 represents completely isotropic diffusion and 1 represents extremely limited diffusion in only one direction.\[[@ref2]\] Although there have been several studies on DT parameters of the spinal cord, quantitative values have varied to some degree because of the differences in MRI sequences, magnetic field, acquisition parameters or ROI setting.\[[@ref3]--[@ref12]\]

The present study attempted to clarify normal reference values of MD and FA in healthy subjects through evaluation of DT parameters as a first step in understanding the pathological condition of the spinal cord.

MATERIALS AND METHODS {#sec1-2}
=====================

Subjects {#sec2-1}
--------

Thirty healthy subjects consisting of 15 men and 15 women with a mean age of 44.2 years (range from 20 to 72 years) were enrolled. All subjects considered themselves as healthy and without any past history of neck or back injuries, spine surgeries or neurological disorders. In all subjects, the lack of any spinal cord compression of the cervical spine was confirmed on MRI. Written informed consent was obtained from all subjects.

MRI sequence {#sec2-2}
------------

This study was performed on a whole-body 3.0-Tesla (3T) scanner (Achieva, Philips Medical Systems, Best, Netherlands) using a 16-element phased-array coil in a single institution (Manryokai Imaging Clinic, Osaka, Japan). For routine diagnostic imaging of the cervical spine, T1-\[echo time (TE)/ repetition time (TR), 7/600 ms\] and T2-(TE/TR, 90/3680 ms) weighted images in the sagittal and axial planes were acquired. Then, DT images were obtained using a single-shot fast spin-echo-based sequence\[[@ref13][@ref14]\] with the following parameters: TE/TR, 80/6000 ms, number of excitations, 1; field of view, 240; matrix size, 160; voxel size, 1.5 × 1.5 mm^2^ in-plane; slice thickness, 3 mm; 15 gradient directions; and b values, 0 and 1000 s/mm^2^. Thirty slices of DT images on the axial plane were obtained from the C2/3 to the C7/Th1 spinal level without interslice gaps and parallel to the inferior line of the C5 vertebral body on the T2-weighted mid-sagittal plane \[[Figure 1](#F1){ref-type="fig"}\]. The DT images were acquired in a total of 4 min and 54 s.

![T2-weighted sagittal anatomical image. Referring to the image, 30 slices of diffusion tensor images are obtained from C2/3 to C7/Th1 spinal level on the axial plane, parallel to the inferior line of the C5 vertebral body](JCVJS-2-77-g001){#F1}

Region of interest setting and measurement {#sec2-3}
------------------------------------------

For reconstruction of the MD and FA maps from the DT images, a Philips MR imaging workstations was utilized. Mean values of MD and FA at 6 disc levels (C2/3, C3/4, C4/5, C5/6, C6/7, and C7/Th1) were measured. MD and FA maps on the axial plane are demonstrated in \[Figure [2a](#F2){ref-type="fig"} and [2b](#F2){ref-type="fig"}\], respectively. After the appropriate axial slice was selected using the sagittal T2-weighted images and b = 0 s/mm^2^ DT images for anatomic reference, Region of interest (ROI) were set manually to enclose the whole spinal cord in the slice. ROIs were drawn carefully in order to exclude cerebrospinal fluid, which would contribute an unwanted partial volume effect to the DT parameters.

![(a) Examples of the map of mean diffusivity (b) fractional anisotropy. Regions of interest are set manually enclosing whole part of the spinal cord in the slice](JCVJS-2-77-g002){#F2}

Evaluation {#sec2-4}
----------

### Mean values, variances, and distributions of the MD and FA in each spinal level {#sec3-1}

After analyzing the mean values and variances of the MD and FA at all 6 spinal levels in all subjects, the Shapiro-Wilk normality test was applied at each level in order to verify whether these values could be considered to have a Gaussian distribution.

### Age-dependent change {#sec3-2}

Pearson\'s product-moment correlation coefficient (r) was used to study the relationships between age and MD and FA. For representative individual values of MD and FA, the average values of MD and FA of the 6 levels were applied in this analysis.

### Correlation between MD and FA {#sec3-3}

The Pearson\'s product-moment correlation coefficient (r) was used to study the relationships between the MD and FA. MD and FA values in the 6 spinal levels were separately compared in all subjects.

### Changes of MD and FA between spinal levels {#sec3-4}

Bartlett\'s test was first applied to verify the difference of variances in the 6 spinal levels. Subsequently, a significant change between spinal levels was examined with one-way repeated measures analysis of variance (ANOVA), considering each spinal level as an intrasubject variable.

Statistical analysis {#sec2-5}
--------------------

Statistical analyses were conducted using JMP 9.0 (SAS institute, Inc.). Statistically significant differences were accepted at *P*-value \< 0.05 in all analyses.

RESULTS {#sec1-3}
=======

Mean values, variances, and distributions of the MD and FA in each spinal level {#sec2-6}
-------------------------------------------------------------------------------

Mean values and standard deviation (SD) of the MD and FA at six spinal levels were shown in \[[Table 1](#T1){ref-type="table"}\] and \[[Figure 3](#F3){ref-type="fig"}\]. The Shapiro-Wilk normality test indicated that the null hypothesis of the MD data having a Gaussian distribution was not rejected at all spinal levels. However, the null hypothesis of the FA data having a Gaussian distribution was rejected at the C5/6 spinal level (*P* = 0.006).

###### 

Mean and standard deviation of the mean diffusivity and fractional anisotropy at 6 spinal levels

![](JCVJS-2-77-g003)

![The mean values and standard deviation (SD) of mean diffusivity (MD) and fractional anisotropy (FA) at 6 spinal levels. Error bars represent +/- 1SD. One-way repeated measures ANOVA indicate significant differences between the spinal levels in both MD (*P* = 0.003) and FA (*P* \< 0.0001)](JCVJS-2-77-g004){#F3}

Age-dependent change {#sec2-7}
--------------------

A scatter plot demonstrating age-related changes is shown in \[[Figure 4](#F4){ref-type="fig"}\]. A statistically significant negative correlation was observed between aging MD values. Pearson\'s correlation coefficients and corresponding *P* values for these correlations were *r* = 0.429 and *P* = 0.018, respectively. On the other hand, the correlation between aging and FA was not statistically significant (*P* = 0.234).

![The relationships between aging and mean diffusivity (MD) and fractional anisotropy (FA). A significant negative correlation is observed between aging and values of MD (correlation coefficient = 0.429, *P* = 0.018). On the other hand, the correlation between aging and values of FA is not significant (*P* = 0.234)](JCVJS-2-77-g005){#F4}

Correlation between MD and FA {#sec2-8}
-----------------------------

A scatter plot demonstrating the correlation between MD and FA is shown in \[[Figure 5](#F5){ref-type="fig"}\]. A slightly statistically significant negative correlation was observed between MD and FA. The Pearson\'s correlation coefficient and the corresponding *P* value for this correlation were *r* = 0.156 and *P* = 0.037, respectively.

![Scatter plot showing the relationships between mean diffusivity (MD) and fractional anisotropy (FA). A slightly significant statistical negative correlation is observed between MD and FA (correlation coefficient = 0.156, *P* = 0.037)](JCVJS-2-77-g006){#F5}

Changes of MD and FA between spinal levels {#sec2-9}
------------------------------------------

Bartlett\'s test indicated that the null hypothesis of equal variance in the MD data was not rejected (*P* = 0.115), but was rejected for the FA data (*P* = 0.017). One-way repeated measures ANOVA indicated a significant difference between spinal levels in both MD (*P* = 0.003) and FA (*P* \< 0.0001) \[[Figure 3](#F3){ref-type="fig"}\].

DISCUSSION {#sec1-4}
==========

In the present study, normal reference values for diffusion tensor parameters of the spinal cord in healthy subjects were analyzed using single-shot fast spin-echo-based sequence. Data analysis indicated a Gaussian distribution of MD and significant differences between the mean values at each spinal level. A significant negative correlation between aging and MD was demonstrated. A negative correlation between MD and FA was also demonstrated.

DT imaging is a promising modality for quantitative estimation of the values of tissue condition. In brain imaging, quantitative analysis using DT parameters is a well-established technique for detection of the pathological changes which are not evident on the conventional images, even at a very early stage of the pathology.\[[@ref15]--[@ref18]\] On the other hand, application of DT imaging to the spinal cord has been limited because of anatomical disadvantages including the relatively small size of the spinal cord and surrounding structures (such as the cerebrospinal fluid, vertebra, and air in the trachea). These disadvantages tend to produce susceptibility artifacts. More recently, technical advancements such as line scan diffusion imaging,\[[@ref19]--[@ref23]\] PROPELLER-MRI,\[[@ref24][@ref25]\] or Zonally-magnified Oblique Multislice (ZOOM) EPI,\[[@ref3]\] have made it possible to acquire good quality DT images of the cervical spinal cord. For clinical applications, several studies evaluating demyelination or degenerative spinal cord diseases with DT parameters have been reported. Increased MD and/or decreased FA at the site of lesions appear to reflect tissue condition.\[[@ref4][@ref5][@ref7][@ref11][@ref26][@ref27]\] These changes have been explained to be caused by a chronically poor blood supply, histopathological changes (including gliosis, microcystic degeneration, venous congestion, and extracellular edema) that lead to increased water mobility and decrease anisotropy.

In the present MRI protocol, DT images were acquired with a single-shot fast spin-echo-based sequence.\[[@ref13][@ref14]\] This method has been reported to have advantages compared to traditional single-shot echo-planar imaging due to decreased magnetic susceptibility artifacts that are particularly remarkable at higher magnetic fields such as 3T.\[[@ref28][@ref29]\] The number of excitations, slice thickness, number of slices, number of diffusion gradient directions and b values were determined taking previous reports and an appropriate acquisition time into consideration.\[[@ref10]--[@ref12][@ref30]\] Considering clinical applications and considering that DT imaging have the feature of being sensitive to motion, a reasonably short acquisition time was determined for acquisition of the DT images. The ROIs were placed enclosing the whole spinal cord in the axial plane. In fact, the MD and FA have been reported to vary between gray and white matter in the spinal cord.\[[@ref3]\] Although a separate analyses of gray and white matter would be ideal, it is difficult to distinguish the gray matter in the spinal cord considering the spatial resolutions that are currently possible in the clinical setting. For this reason, ROIs were selected to include the whole spinal cord.

The present study showed that MD and FA were different at different spinal levels. As previously reported, this difference was assumed to be derived from the ratio of gray and white matter at different spinal levels.\[[@ref3]\] A statistically significant negative correlation was found between age and MD, and this difference was thought to be derived from progressive gliosis due to aging. The present study provides normal reference values for DT parameters that can be used for comparison when investigating the spinal condition of spinal disorders such as are-related degeneration, neoplasms, inflammation, vascular problems or trauma. In the future, a normal database of spinal DT parameters could be produced based on aging or spinal level. Correlation analysis between MD and FA may indicate that the parameters interact with each other, and are not considered to be independent valuables. There are some disadvantages to the use of FA when constructing normal database for statistical evaluation: FA is a relative index with limitation from 0 to 1 and a Gaussian distribution for such a parameter is unexpected.

CONCLUSIONS {#sec1-5}
===========

DT parameters are indicators that could be used to assess the condition of the spinal cord. This is the first report to describe normal reference values for DT parameters of the spinal cord in healthy subjects in a single-shot fast spin-echo-based sequence at 3T. The analyzed data in the present study could be helpful for comparison when investigating the spinal condition of spinal disorders. Further study should establish an objective assessment of spinal cord function using MRI.
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